Introduction
(1) water-adding step (1) water-adding step (2) ring-opening step with all of the bonds involving hydrogen atoms constrained using the SHAKE algorithm 36 .
192
The EP complexes, which were taken from the final stage of the ring-opening step of the two all reaction coordinates are also illustrated in Figure S2 of the Supporting Information.
216
Potential energy surfaces were characterized and the geometries representing the minimum 217 energy pathway through the surfaces were used as the putative RC for the free-energy
218
(potential of mean force) calculations, which allow a better conformational sampling along 219 the reaction pathways and accounting for thermal fluctuations of the protein and solvent 220 environment.
221
The free energies for each reaction pathway were computed based on the putative 
Results and discussion

233
The purpose of this computational study is to clarify the reaction mechanism of In the ring-opening step, the collapse of TI1 involves two sequential proton-transfer The free-energy profile for path I is shown in Figure 2A . Table 2 ). In general, the resulting structures of path II are 370 geometrically close to those of path I, but Wat2 is now coordinated to Zn1 with the metal- 
384
In the ring-opening step (TI → EP), the TI collapses by the transfer of the H w2 proton 
388
The reaction is completed by opening of the creatinine ring via C-N bond cleavage, yielding 389 the creatine product with the amine and carboxylic groups at the N-and C-terminal,
390
respectively. This concerted process leads to the cleavage of the cyclic amide bond and 391 regeneration of the second water molecule Wat2. At the EP, the cleaved C-N bond is 2.07 Å,
392
which is significantly different from the distance found in the crystal structure (2.67 Å) 11 .
393
The resulting planar geometry of the carboxylic group of the product is well stabilized Glu122 and Glu34 and the hydroxyl group of creatine product.
397
The free energy profile for path II (involving water-promoted ring-opening) is shown 398 in Figure 2B . The energy barrier for the first step was calculated to be 9.8 kcal/mol, which is 399 3 kcal/mol higher than that for the corresponding step of path I (Figure 2A systems reach equilibrium after 400 ps ( Figure S4A ), the product from path I is more stable 432 than the one from path II (i.e., a lower heavy-atom RMSD compared to the starting point, 433 Figure S4B ). Besides, the scissile C-N bond distance from path I (2.57 ± 0.18 Å) is much
434
closer to that observed in the product X-ray structure (2.67 Å) compared to that from path II
435
(3.13 ± 0.21 Å). Furthermore, the EP active-site conformation during the 1 ns simulation Figure 4 ). Based on these EP simulations, we can conclude that the carboxylate form of the 438 creatine product from path I is more favorable and thus likely represents the true product with respect to the X-ray structure. It has been shown that Glu122 plays an important role in substrate binding and metal
451
binding in creatinase, and that the mutant E122Q significantly reduces the catalytic activity 452 compared to the wildtype 12 . The authors of this work suggest that the lower activity is due to Glu122, and that water may play a significant role in the final proton-transfer step that leads 455 to the C-N bond cleavage of the substrate.
456
To understand the effect of the E122Q mutation on catalysis of the reaction, we 457 carried out QM/MM free-energy simulations for path I in the E122Q mutant using the same
458
QM/MM protocol as in the WT calculations ( Figure 2C , Figure S5 ). The E122Q mutant has 459 an increased activation barrier (27.5 kcal/mol vs 18.5 kcal/mol) and reaction energy (3. formed by three conserved residues (Glu34, Ser78, Glu122) and a substrate (see Figures 5A   465 and 5B The reaction pathway proposed herein (path I) resembles the mechanism creatine-water systems, J. Phys. Chem. B 118, 1969 -1975 . 3.2 -10.4 -0.3 6.1 5.9 5.4 0.6 -3.0 ± 12.2 1.47 C3-N4-C5-C1 -5.2 12.2 -11.7 -9.4 -4.5 -9.0 -13.3 -37.9 ± 18.9 -38.0 a Values taken from the crystal structure of EP complex (PDB entry 1V7Z) b Mn1-ligand c Average values obtained from 600−1000 ps of the EP simulation of Wat2_bound state (see details in Figure S3) 
